Compared with education in other fields, medical education has some unique characteristics. First, biomedical science contains many subdisciplines, and medical education has a large curriculum. In addition to a knowledge of the normal structure and function of the human body, students must study the changes in the human body under various pathological conditions. Besides class lectures, students must work at home so as to develop extensive and dexterous clinical skills, both in diagnosis and in therapy. Second, the process of skill developing in clinical practice involves risk. Any error in judgment and improper operation may lead to unexpected results (Gouvitsos, Vallet, & Scherpereel, 1999) . A balance between the efficiency of training and the safety of the patient should be established. Restricted education resources and restrained teaching methods are the third feature. The teaching of anatomy is an example. Except for what is exposed on a shrunk and colorless cadaver, no tomographic view of body structure is available. Moreover, students have few opportunities to do anatomical exercises on corpses by themselves due to the unavailability of cadavers. Last, medical education is a lifelong process. Due to the rapid development of biomedical science, a medical practitioner has to learn new knowledge and develop new skills during his or her whole professional career. Given the above characteristics, the improvement of the effectiveness of medical education has been an important question for both educators and students.
The visible approach has been highly valued in medicine, including medical education. Traditionally, the teaching of anatomy provides students with the main visible approach to investigating the structure of the human body. Although the static structures of organs, muscles, and vessels can be studied on a cadaver, the physiological and pathophysiological processes within them cannot be visibly disclosed. Visibly displaying these dynamic processes can greatly improve learning. The opinion presented in this article is that visible simulation is an effective approach to improving medical education.
Visible simulation defined The composition of visible simulation system
The digital data representing a human cadaver, generated by the Visible Human Project (VHP), are the structural grounds of visible simulation system. VHP is part of the National Library of Medicine's 1986 long-range plan to create complete, anatomically detailed, three-dimensional representations of the human body. It has changed the teaching style of anatomy by providing students with images of all parts of the body (Kalra, 1996; Seymour, 1996) . Fast-frozen male and female cadavers are cut into slices at 1-millimeter and 0.33-millimeter intervals and photographed in high-resolution color; the images are stored in a supercomputer. These slices can be viewed, downloaded, reorganized, and animated, providing unprecedented precision of description and convenience of accessibility and manipulation.
Although VHP data provide students with the unprecedented freedom to scrutinize and manipulate the structure of the human body, they involve no physiological and pathophysiological knowledge. Students can see a heart unable to beat and vessels without blood flowing. A better use of a digital cadaver is the visible simulation system based on realistic structural data. By combining what people have known at cellular, organic, and system levels under normal and pathological conditions with precise digital anatomical data, visible simulation systems can emulate various normal and pathological life processes within the body.
The Application Of Visible Simulation
Visible simulation has its application in every stage of medical education. In a preclinical course period, it can be used to teach anatomy, physiology, pathology, and so on. The relevant knowledge about one organ, which was taught in separate courses that are offered one by one in a traditional curriculum, can now be learnt coherently and comprehensively in one class. In the teaching of clinical courses, visible simulation can demonstrate the evolution of disease and the metabolism of drugs. In internship, the simulated environment for surgical and other clinical skill training is highly valuable (Robb, 1996) . Vivid and dynamic images, which will dramatically reduce the lengthy instruction and voluminous description in traditional textbooks, make
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learning easier and interesting. As computer-mediated learning, visible simulation can be expected to encourage the transition from lecture-based teaching to problem-based learning (PBL) (Finch, 1999; Margetson, 1999) , which is highly appreciated in continuous education.
The differences between visible simulation system and multimedia courseware
Many organizations, including both medical schools and software developers, have developed multimedia courseware based on VHP data to improve the teaching of anatomy and surgery (Lynch, 1996; North, 1996; Ross, 1996) . Although visible simulation software and multimedia courseware are both visible electronic teaching formats, there exist differences between them. Multimedia courseware usually has fixed content and no or few adjustable parameters, allowing little user intervention. What students see is preedited by the software builder. In contrast, most visible simulation systems are programmable and can produce richer scenarios. With visible simulation systems, students can see various emergent situations generated by the modification of algorithms and the setting of parameters. The use of simulation software can help students develop initiative and creativity and strengthen their ability for coping with unmet conditions in their later medical practice.
Case illustration Background
Heart attack is a major killer in many countries. In patients with cardiac disease, arrhythmia is usually the direct cause of death. As the major diagnostic tool of arrhythmia, the electrocardiogram (ECG) has been applied in clinics for a century. Although copious investigations have been made and numerous ECG curves have been recorded, we have a long way to go in correctly understanding the generation mechanism of ECG of complex arrhythmia. The interpretation of many complex ECG waveforms remains a challenge for physicians. Difficulties arise from the predicament in which researchers are unable to investigate visibly the evolution of the temporal and spatial electrical activity within the heart. Despite numerous patch-clamp experiments, results studying the electrical activity of a single cardiac cell, and the large number of ECG recordings that have accumulated (demonstrating the body surface manifestation of cardioelectrical activity), an accurate link between them has never been set. Modeling and simulation can build a bridge among the cardioelectrical activities at three levels (ionic channel, cardiac cell, and whole heart), linking the knowledge at different levels and answering questions that are intractable by ordinary measures.
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The construction of CardioAuto
CardioAuto is a whole-heart electrophysiological model covering the electrical activity of the ionic channel, the cardiac cell, and the whole heart. It consists of massive abstract cardiac cells. The electrical activity of each cell includes two aspects: (a) the excitation generation of a cell described by a group of differential equations (HodgkinHuxley type action potential equation) and (b) the excitation propagation among adjacent cells described by the quantitative computing of intercellular current. The action potential equation builds a precise relationship between the electrical activity of the whole cell and the electrical activities of each ionic channel. The six cardiac tissues include the sinus node, the atrioventricular node, the conduction bundle in atrium, the conduction bundle in ventricle, the atrium, and the ventricle. A cell connects and communicates with its neighboring cells through the intercellular gap junction. The structure and the electrical property of the gap junction are different for different cell pairs and for different connection directions. The ventricle walls are layered at run time with a specific algorithm. Cells at different layers have different electrical properties. The excitation propagation among cells of the same layer is an end-to-end propagation along a longitudinal direction, and the propagation among cells of different layers is side-to-side propagation along a radial direction.
Restricted by the performance of our computer, CardioAuto is currently a twodimensional model, containing about 5,000 cardiac cells. Such a two-dimensional model can be seen as a special slice of a realistic three-dimensional heart. The building of a three-dimensional model based on the data of male cadavers of VHP is practicable, but running such a model is beyond the ability of many computers because solving hundreds of thousands of action-potential equations is highly time consuming.
The function of CardioAuto
By repeatedly solving the action potential equation of all cells and computing the transjunctional current between every cell pair, the periodical electrical activity of the heart can be simulated naturally and visibly. Each cycle begins with the autonomous depolarization of the sinus node and ends with the repolarization of the ventricle. When a cell depolarizes, the potential gradient between the depolarizing cell and the neighboring cell drives ions through the gap junction, stimulating the other cells. Cells with different action potentials are displayed with different colors. The dynamic evolution of the action potentials of all cells forms the temporospatial pattern of cardioelectrical activity within the heart. According to the action-potential value of each cell and the transjunctional potential gradient of each cell pair, an ECG at various lead locations can be computed. The generation process of many pathological ECGs, including ECGs of arrhythmia, can be visibly unveiled.
CardioAuto provides several simulation utilities. First, it can display the constantly evolving potential distribution of the whole heart with a color window and exhibit how arrhythmia is generated and sustained. Second, the attributes of any selected cells can be traced and viewed with tracing windows. The relationship between arrhythmia
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generation and the behavior of specific cells can be unfolded. Third, simultaneously simulated ECG waveforms at many lead locations (body surface, epicardial and endocardial surfaces, and cardiac cavity) can provide multifaceted indications. With computed ECG waveforms combined with the colorful distribution images, users can better understand the generation of various complicated ECGs.
The application of CardioAuto
Visibly simulating the temporospatial process of arrhythmia. In clinical practice, the diagnosis of arrhythmia depends mainly on the body surface ECG recording. As a one-dimensional curve and an integrated representation of cardioelectrical activity, ECG demonstrates the potential distribution on body surface but cannot reflect the potential distribution within the heart. Nor can it reveal electrical activities at cellular and channel levels. Thus, many diagnoses of arrhythmia lack direct evidence, and much of our knowledge about arrhythmia lacks rigorous confirmation. As a new method for investigating arrhythmia, visible simulation can provide much detailed information about the temporal and spatial process of cardioelectrical activity. Such information can greatly help people clarify long-standing questions. For instance, by simulating unidirectional block and microretrant movement, people can better understand the effect of anisotropic propagation on the formation of arrhythmia.
Simulating the generation of various ECGs.
Clinical physicians diagnose ECG waveforms according to established criteria. However, many diseases can have diverse ECG manifestations. Many variations can appear that are not described in criteria. For ECGs that are rarely met in clinical practice, it takes years for physicians to accumulate diagnosis experience to grasp their meanings. Moreover, for some common waveforms, controversial opinions still exist. For example, debate on the generation mechanism of the U wave and its meaning has continued for a long time. Visible simulation with a whole-heart electrophysiological model can generate various ECG curves, helping doctors to clarify those debatable questions conveniently and also helping novices to enhance their diagnosis ability rapidly.
Simulating the effect of anti-arrhythmia therapy. Another important application of CardioAuto is to help in anti-arrhythmia therapy. With the more widespread application of nonpharmacological anti-arrhythmia therapies, including radiofrequency ablation, electrical defibrillation, and artificial pacing, simulation research is necessary to evaluate the effect and safety of these therapeutic measures. On the other hand, the improper use of anti-arrhythmia drugs can also arouse arrhythmia. Both the receiver blocking agent and the channel blocking agent are cases that can stop cardiac cells from reading chemical signals from the local environment and blocking ionic channel open-close mechanisms. Rigorous testing on a new drug is indispensable. Simulation can provide a supplementary way to assess the effect of these drugs with no danger and little cost.
Discussion
The positive impact of visible simulation on medical education Visible simulation, especially online systems, may totally reshape the traditional practice of medical education. Although it may be a little bit early to discuss the full influence of visible simulation on medical education, we can at least list the following points. First, the effectiveness of medical education can be dramatically enhanced. The traditional curriculum may no longer fit the new situation. For example, anatomy and physiology, which used to be two separate courses in the traditional curriculum, can be merged into an integrated one. It may be safe to say that many textbooks may need to be recompiled and quite a few courses may be annexed. As a result, the procedure of education can be simplified and the time of schooling shortened. What is more significant is that students can learn better and faster with the newer learning method. In this sense, the second foreseeable influence is that the cost of education will decrease. Third, using simulation systems can significantly decrease the risks involved in clinical training (Gouvitsos et al., 1999) . This is important for both medical professionals and patients, because medical mistakes and accidents have begun to attract increasing attention. The use of simulation will be an effective solution for reducing mistakes and accidents. Finally, many visible simulation programs, in the form of CD-ROMs and online services, can improve the availability of educational resources. They can interpret the significance of new findings, explain the effect of new drugs, and train the skill of new or reformed operations. Thus, it is possible for physicians to take advantage of learning at home. It can be expected that with the rapid spreading of the Internet, visible simulation systems can be available at any time, to anyone, and at any place, providing teaching-online and training-online services (Curtoni, 1999 ).
The problems involved in application
The first problem involved in application is time consumption. Dynamic physiological and pathological activities are often described by differential equations. Accurately solving these equations takes much time. Take CardioAuto, for example. On a Pentium II 450 PC computer, it takes 10 hours to simulate cardioelectrical activity of 1 second. Therefore, the simulation of complex arrhythmia is not feasible without a computer of high performance. Next, more knowledge about computer software is required for the user. Compared with running ordinary multimedia programs, the operator is required to make more settings, selections, and interventions. Third, model validation is important for both development and application. Without strict validation, it is improper and unsafe for simulation software to be used. Usually, the validation process requires great effort and much time.
The difficulties in system development
It is important that the development of simulation software must be commercially profitable. At present, most visible simulation systems, such as CardioAuto, are the product or by-product of academic research. Such a model is unable to ensure sustained development. On the other hand, it is also impracticable for software companies to develop simulation systems independently without the involvement of medical researchers. The long cycle of development, the availability of first-hand research results, and model validation are all questions that will be met. Besides, the latest medical knowledge is necessary, which also needs the participation of professionals. Therefore, a new mechanism should be established, combining commercial and academic resources, to boost the development and distribution of medical simulation products and to stimulate the transfer of new knowledge and discoveries from laboratory to classroom. It is this mission that we are planning to undertake in the near future.
Conclusion
With more and more visible simulation programs having been commercially available, including those simulation operation systems used in training for complicated surgical operations, visible simulation has begun to have a wide effect on medical education. Transferring learning models, improving teaching efficiency, decreasing the risk in clinical training, and enhancing the accessibility of educational resources are all positive outcomes. It can be expected that visible simulation will play an increasingly important role in the near future and that the saying "seeing is believing" can receive full recognition.
